Statins are prescribed to lower cholesterol, but also have anti-inflammatory properties. Some observational studies suggest that statins may reduce mortality from sepsis. METHODS: Using a highly detailed administrative database, we conducted an observational cohort study of all patients aged ≥18 years who received a discharge diagnosis of pneumonia from 2003-2005 at 376 hospitals. Patients with contraindications to statins, and those unable to take oral medications or discharged within 2 days were excluded. We used multivariable logistic regression and propensity matching to compare mortality among patients who did and did not receive statins on hospital day 1 or 2. RESULTS: Of the 121,254 patients who met the inclusion criteria, median age was 74; 56% were female and 70% were white; 19% received a statin on day 1 or 2. Compared to patients who did not receive statins, statintreated patients were less likely to be admitted to intensive care (15.7% vs 18.1%, p<0.001), require mechanical ventilation (6.9% vs. 9.3%, p<0.001), or die in hospital (3.9% vs 5.7%, p<0.001). After multivariable adjustment, including the propensity for statin treatment and severity at presentation, mortality was lower in statin-treated patients [OR for propensity-adjusted 0.86 (95% CI 0.79 to 0.93) OR for propensity-matched 0.90, (0.82 to 0.99)]. For patients admitted to intensive care the adjusted odds ratio for mortality with statins was 0.93 (95% CI 0.81 to 1.06), whereas outside intensive care it was 0.79 (95% CI 0.71 to 0.87). CONCLUSIONS: Inpatient treatment with statins is associated with a modest reduction in pneumonia mortality outside of intensive care.
INTRODUCTION
Pneumonia is one of the most common causes of death in the US. 1 Patients who die of pneumonia frequently succumb to respiratory distress syndrome or other complications of sepsis. 2 Because these processes seem to be mediated by inflammatory cytokines, agents that could decrease inflammation might have a beneficial effect on mortality. 3 HMG-CoA reductase inhibitors or "statins"
have been shown to decrease inflammatory markers in acute coronary syndromes and also in patients with sepsis. 4 These antiinflammatory effects are thought to play a role in preventing acute cardiovascular syndromes, and one randomized trial of patients with bacterial infections found that treatment with simvastatin reduced levels of IL-6 and TNF-α at 72 h. 5 Mouse models of sepsis demonstrate that statins reduce both inflammatory markers and mortality. [6] [7] [8] [9] Although randomized controlled trials are underway, a number of observational studies have demonstrated that patients taking statins in the ambulatory setting are less likely to die from bacteremia, pneumonia, and sepsis. 10 Others investigators have suggested that a "healthy-user" bias 11 may account for the benefits observed, because adjustment for previously unmeasured confounders eliminated the association between statins and mortality. 12 Several other observational studies have found an association between statins administration during the hospitalization and improved survival. [13] [14] [15] While these studies attempted to control for differences in treated and untreated patients, the studies were limited by the available data and residual confounding may fully or partially explain the observed association. Given the potential public health impact of this simple, low-cost intervention, we examined the association between statin therapy and mortality in a highly detailed administrative database, attempting to control for variables that
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may be associated with healthy or unhealthy patients. Because statins are believed to act primarily in patients with sepsis, we also examined subsets of patients to see whether the association of statins with outcomes occurred in patients at the highest risk of mortality (i.e., patients in intensive care and those treated with broad-spectrum antibiotics).
METHODS

Setting and Subjects
We conducted a retrospective cohort study of all patients hospitalized for pneumonia between 16 patients with a principal diagnosis of respiratory failure or sepsis were included to capture the full severity spectrum of pneumonia cases. We excluded patients with a length of stay <2 days; those transferred to or from another acute care facility, because we could not ascertain what treatments they received prior to admission or their vital status at discharge; those treated with neither an antibiotic nor an antiviral by hospital day 2, because this cast doubt on the diagnosis; and those with liver disease or myopathy, because these are contraindications to statin therapy. We also excluded patients who did not receive medications by the oral route on the first 2 hospital days because we were concerned that inability to take oral medications reflected severe illness, and because statins are not available in intravenous formulations. Failure to exclude such patients would bias the study toward showing a benefit of statins as a result of confounding by ability to take oral medications.
Data Elements
For each patient, we extracted age, gender, race, and insurance status, principal diagnosis, comorbidities, and specialty of the attending physician. Pneumonias were classified into three categories: staphylococcal; non-staphylococcal bacterial; and other pneumonias, which included "not otherwise specified." Comorbidities were identified from ICD-9-CM secondary diagnosis codes and Diagnosis Related Groups using Healthcare Cost and Utilization Project Comorbidity Software, version 3.1, based on the work of Elixhauser. 17 We 
Statin Treatment and Outcome Variables
Exposure to statins was defined as at least one dose of any HMG-CoA reductase inhibitor on hospital day 1 or 2. Statins were further classified by dosage and type (lipophilic vs hydrophilic). Because statins are rarely initiated in the hospital for patients with pneumonia, we assumed that patients who received statins after day 2 were resuming outpatient statin therapy as their condition improved. Such late statin use might be considered a marker of good prognosis, and including these patients in the statin-treated group could bias our results. Consequently, patients whose statins were initiated after hospital day 2 were grouped with the non-statin patients. Our primary outcome was all-cause in-hospital mortality.
Statistical Analysis
Summary statistics were computed using frequencies and percents for categorical variables, and means, standard deviations, medians and interquartile ranges for continuous variables. Associations between early statin treatment and patient and hospital characteristics were assessed using chi-square tests for categorical variables and z-tests for continuous variables. We developed a multivariable logistic regression model using a logit link function to evaluate the impact of early statin therapy on mortality while adjusting for all patient and hospital factors, the effects of other treatments and accounting for within-hospital correlation. Further, in order to reduce the threat of selection bias, we created a non-parsimonious propensity model in which receipt of statin therapy on day 1 or 2 was the outcome. The model included patient factors prior to admission (e.g., demographic variables and comorbidities); additional early non-pneumonia treatments that indicate poor general health, physician specialty, hospital factors (e.g., size and teaching status), and other medications associated with statin use; as well as a number of interaction terms. Additional factors associated with presenting severity of pneumonia, such as the need for mechanical ventilation on the first hospital day, and treatment with vancomycin, were not included in the propensity score, but were adjusted for separately. We did this in order to separate out the potential effect of statin use prior to admission, which would affect severity on presentation, from the effects of statins given in the hospital after adjusting for differences in initial severity. Unadjusted, covariate-adjusted, propensity-and covariateadjusted models were compared. In addition, patients who received statin therapy on day 1 or 2 were matched to patients with a similar propensity score yet who did not receive a statin, or in whom treatment was begun after day 2, using a greedy 5-to-1 digit matching algorithm. 18 Conditional logistic models were developed using this propensity-matched subsample of patients, adjusted for covariables that remained unbalanced after propensity matching. For each model, adjusted odds ratios for mortality with associated 95% confidence intervals for statin treatment were calculated. In addition, to assess for heterogeneity of treatment effect associated with severity of illness, we examined the association between statin therapy and mortality in two pre-specified stratified analyses: first, we examined the association across quintiles of severity based on the risk of mortality, as predicted by a mortality model that excluded statin status; second, we compared the association among patients initially admitted and not admitted to intensive care. We also performed an exploratory analysis examining patients who received initial treatment with antibiotics against staphylococcal or pseudomonal pneumonia, infections associated with high mortality. Finally, we examined the relationship between statin type (lipophilic vs hydrophilic) and statin dose (≥40 mg vs <40 mg of simvastatin) Figure 1 . Relative odds of mortality associated with statin use in the first 2 hospital days. *Adjusted for: age, gender, smoking, congestive heart failure, lymphoma, metastatic cancer, other neurologic disorders, obesity, pulmonary circulation disease, renal failure, solid tumor without metasasis, valvular disease, weight loss, depression, hypertension, psychoses, primary diagnosis, pneumonia type, initial antibiotic(s) received, early treatment (day 1 or 2) with angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, Foley catheter, restraints, nutritional supplements, total parenteral nutrition, gastrostomy or jejunostomy tube, thiamine, calcium or mechanical ventilation. †Variables in propensity model: All variables above, plus admission from skilled nursing facility, insurance type, marital status, race/ethnicity, hospital geographic region, number of beds, teaching hospital, and setting (urban/rural), attending specialty, acquired immune sufficiency syndrome, alcohol abuse, deficiency anemia, collagen vascular disease, chronic blood loss anemia, chronic pulmonary disease, diabetes, drug abuse, hypothyroidism, ischemic heart disease, paralysis, peripheral vascular disease, peptic ulcer disease and bleeding, aspirin, bisphosphonates, clopidogrel, folic acid, glucosamine, multivitamin, vitamin B2, B5, B6, C, D or E, dementia medications, collagenase, prealbumin, psychotropic drugs, silvadene, antidepressants, beta blockers, calcium channel blocker, diuretics, ezetimibe, fibrates, amiodorone, inhaled bronchodialators, inhaled corticosteroids, insulin, immunosuppressants, niacin, nitroglycerin, non-steroidal antiinflammatory drugs, proton pump inhibitors, resins, steroids, thyroid replacement therapy, and warfarin. ‡All stratified analyses adjusted for propensity score and co-variates.
and mortality. All analyses were performed using SAS version 9.1 (SAS Institute Inc, Cary, NC).
RESULTS
Of the 121,254 patients who met the inclusion criteria the median age was 74; 56% were female and 70% were white (Table 1) . Eighty-five percent of patients had a primary diagnosis of pneumonia, 7% had sepsis, and 8% had respiratory failure. The most common pneumonia diagnosis was "not otherwise specified." The most common comorbidities were chronic pulmonary disease, hypertension, and diabetes. Most patients were treated with either a third-generation cephalosporin or a quinolone. Eighteen percent of patients spent time in intensive care, 9% required mechanical ventilation, and 5.4% died in hospital; another 11.8% were readmitted to the same hospital within 30 days. Median length of stay was 6 days. Nineteen percent of patients received at least one dose of a statin during the first 2 days of hospitalization, most commonly simvastatin, atorvastatin, or pravastatin. An additional 2% of patients initiated a statin later in hospitalization. Statin users differed from non-users in many important ways. Statin users were older, and more likely to be male and white. They were much more likely to have ischemic heart disease, hypertension, and diabetes, but less likely to have treatments associated with frailty or poor health status, including Foley catheters and psychotropic medications. They were also more likely to receive ACE inhibitors, ARBs, and other cholesterol-lowering medications. Finally, they were less likely to be admitted with a principal diagnosis of respiratory failure or sepsis.
Unadjusted Analyses
Compared to patients who did not receive statins in the first 2 days, statin-treated patients were less likely to be admitted to the ICU (15.7% vs 18.1%, p<0.001), to require mechanical ventilation (6.9% vs 9.3%, p<0.001), or to die in-hospital (3.9% vs 5.7%, p<0.001), but had similar rates of readmission. Patients treated with statins also had a shorter length of stay (6.9 days vs 7.5 days, p<0.001) and lower hospital costs ($9,149 vs $10,144, p<0.001). Among patients who received statins, those receiving lipophilic statins had lower mortality than patients receiving hydrophilic statins (1.7% vs 2.4%, p=0.02). While not statistically significant, there appeared to be a dose-response curve, with higher doses associated with lower mortality (p for trend=0.08).
We observed inconsistent mortality effects for other cholesterollowering therapies: fibrates and ezetimibe were associated with lower mortality (3.0% and 2.9%, vs 5.6%, p<0.001 for both), whereas resins were associated with higher mortality (9.2% vs 5.6%, p<0.001). Receipt of niacin was not associated with mortality.
Results of Multivariable Analyses
In the unadjusted analysis, patients treated with statins had an odds ratio for mortality of 0.66 (95% CI 0.62 to 0.71) compared to untreated patients (Fig. 1) . Adjusting for demographics, comorbidities, and initial treatments associated with mortality increased the odds ratio to 0.85 (95% CI 0.79 to 0.90). In contrast, after adjustment, no other cholesterol-lowering therapy was associated with mortality (Table 2) .
Propensity matching was largely effective at balancing covariates among the two groups of patients (Online Appendix). In this propensity-matched cohort, patients treated with statins were still slightly more likely to be male and to have received nonstatin lipid-lowering therapy. Because markers of pneumonia severity were not included in the propensity score, they remained unbalanced. Patients treated with statins had much less severe illness on presentation, as evidenced by the fact they were less likely to have sepsis or respiratory failure, to receive broad-spectrum antibiotics, to need initial mechanical ventilation, or to be admitted initially to the intensive care unit. In the propensity-matched cohort, statins continued to be associated with lower mortality [OR 0.84 (95% CI 0.76 to 0.92)]. After adjustment for unbalanced covariates, including those representing severity of presenting illness, the association was attenuated, but still statistically significant [OR 0.90, (95% CI 0.82 to 0.99)].
We also explored whether the observed mortality might differ across risk strata as determined by our mortality prediction model, ICU admission, or antibiotic treatment regimen (Fig. 1) . For the quintile with lowest predicted mortality, the model failed to converge. For the remaining quintiles, from lowest to highest risk, the odds ratios for mortality associated with statin treatment were 0.71 (95% CI 0.53 to 0.96), 0.77 (95% CI 0.62 to 0.95), 0.93 (95% CI 0.79 to 1.10), and 0.87 (95% CI 0.78 to 0.97). Results were also consistent across quintiles of propensity. However, the adjusted odds ratios for the association varied by location in the hospital. For patients admitted directly to intensive care the adjusted odds ratio for mortality was 0.93 (95% CI 0.81 to 1.06), whereas outside intensive care it was 0.79 (95% CI 0.71 to 0.87). Similarly, for patients treated initially with antibiotics directed at Staphylococcus aureas or Pseudomonas (vancomycin, antipseudomonal penicillins, or fourth-generation cephalosporins), the odds of mortality with statin use was 0.95 (95% CI 0.86 to 1.06), whereas for those not receiving these antibiotics it was 0.73 (95% CI 0.64 to 0.82).
DISCUSSION
In this large observational cohort study, we found that statin use in the hospital was associated with a small reduction in hospital mortality from pneumonia. However, patients taking statins had much less severe disease at presentation, even in a sample matched on the propensity for treatment. Once we adjusted for the severity of pneumonia at the time of admission, this association was attenuated but still significant. Additionally, among the sickest patients-those admitted to intensive care units and those treated with antibiotics against Staphylococcus or Pseudomonas, there was no association between receipt of statin in the hospital and mortality. Our study adds to the ongoing debate about a possible role for statins in the treatment of severe pneumonia, specifically, whether the extraordinary benefits of statins seen in many observational studies are real or the result of unmeasured biases. Earlier studies raised the possibility that statins could dramatically reduce pneumonia mortality-perhaps by 50% or more. [19] [20] [21] Several later studies challenged these findings as confounded by a "healthy-user" effect, in which patients in general good health are the ones most likely to receive statins. 12, 22, 23 In one prospective analysis, adjustment for functional status, which is not usually available in retrospective studies, negated any benefit of statin therapy.
12
Few studies have assessed the effects of statins given in the hospital, and none has looked specifically at patients with pneumonia. Donino et al. studied 2,036 patients hospitalized for suspected infection and found that statin receipt was associated with a 73% reduction in mortality. 13 The study relied on pharmacy records to identify which patients received statins during their hospital stay, and outcomes were adjusted for initial pneumonia severity based on ED chart review using the MEDS score. In contrast to our study, they found that statin-treated patients had more severe presentation, with an average MEDS score of 6.0 vs. 3.0 for the no-statin group. Dobesh et al., in a retrospective study of 188 patients with severe sepsis, found inhospital statin use to be associated with a 58% reduction in mortality.
14 There was no difference in severity of presentation as measured by APACHE II scores between statin users and nonusers, but the benefit of statins was observed only in patients with APACHE II scores of >24 (32% mortality among statin users vs 58% in non-users). Finally, Kruger et al., studied 438 patients admitted with acute bacteremia and found that patients who had taken statins had a 61% reduction in mortality. 15 Patients who took statins at home had slightly less severe presentation as measured by septic shock (8% vs 18%) and APACHE II scores (14.7 vs 16.6), but neither of these reached statistical significance. Entry criteria for these last two studies may have attenuated any differences in severity at presentation. Two biases inherent in all three studies might account for the large and consistent benefit associated with inpatient statin use. First, because statins are only available orally and at the time were not considered crucial medications in sepsis, they were probably withheld from the sickest patients (a form of confounding by indication). Conversely, a statin initiated late in the hospital stay might be a marker that a patient was improving. Including the former patients in the no-statin group and the latter in the statin group would bias the outcome in favor of patients receiving statins. Indeed, in the Kruger study, patients who took statins at home and had them discontinued on admission had the highest mortality of any group (>60%). At least one retrospective study of myocardial infarction patients also found that discontinuing statins was associated with increased mortality, but it appears to be subject to the same sorts of bias. 24 In addition, in all three studies, patients who did not survive long enough to receive a statin were included in the no statin group, thus introducing an important immortal time bias 25 for statin recipients. Again, in the Kruger study, most patients who died did so on the first hospital day, confirming that failure to include these patients in the statin group may account for some or all of the observed benefit. We avoided confounding by indication by excluding patients who were unable to take oral medication. We avoided immortal time bias by limiting our analysis to patients with a length of stay of 2 days or longer, and only including patients in the statin group if they received a statin beginning on hospital day 1 or 2. Consequently, we observed a much smaller mortality benefit associated with in-hospital statin use. Our study has a number of limitations. While we attempted to adjust for baseline differences in patient characteristics and disease severity, this was an observational study, not a randomized trial, and the associations we observed might still be the results of residual confounding. Increasingly detailed adjustment appeared to decrease the observed association between statin use and outcomes; further adjustment might completely negate any association. Second, because statins are not usually initiated during a hospitalization for pneumonia, we do not know what effect statins given prior to admission might have had on outcomes. We attempted to assess this through our propensitymatched analysis. The finding that statin-treated patients appeared to have less severe pneumonia at the time of admission, even after adjusting for demographic characteristics, comorbidities, and other treatments associated with chronic disease, implies that chronic statin use may protect against severe pneumonia, or that patients who take statins are healthier than those who do not. Statin-treated patients were not only less likely to die, but they were less frequently admitted to an ICU, and were less likely to require mechanical ventilation or to be treated with antibiotics for Staphylococcus or Pseudomonas. Alternatively, statin users with mild disease might have been more likely to have their medication continued in hospital. Without knowledge of pre-hospital treatment it is impossible to differentiate between these two possibilities. However, after adjusting for measures of disease severity, including the ability to take medication by mouth, statin users still had a small survival advantage, implying an additional protective benefit of statins associated with their continuation during hospitalization.
One surprising finding was that patients in the intensive care unit and those who received antibiotics to cover Staphylococcus aureus and Pseudomonas aeruginosa did not appear to benefit from statin therapy. On the basis of previous observational trials, statins have been suggested as a potentially promising therapy for both sepsis and pneumonia, and as an inexpensive therapy in case of a serious influenza pandemic, 26 and a number of randomized trials in sepsis are now underway. Our results suggest these trials are unlikely to show benefit. Statins may have some benefit in lower risk pneumonia patients, but randomized trials will be difficult to conduct in patients with a predicted 30-day mortality of less than 10%, if the benefit is as small as we observed. For now it seems prudent to continue statins in-hospital for those patients already taking them, but not to initiate statin use for infections until randomized trials have been conducted.
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